We studied the effects of aggregated amyloid β-peptide Аβ 25-35 on spatial memory and the spectral-correlational characteristics of EEG of both the dorsal hippocampus and the frontal cortex both in adult and aged rats at the early stage of Аβ 25-35 action. Spatial memory was characterized using a novel cognitive test. A decrease in low-frequency theta band oscillations in the dorsal hippocampus and the frontal cortex was observed. The mean coefficient of EEG cross-correlation between these structures was significantly reduced at the early stage of Aβ 25-35 action both in adult and aged rats. In addition, we found that one month after Aβ 25-35 injection spatial memory was impaired. These results suggest that the decrease in low-frequency theta band oscillations and the weakening of binding between the dorsal hippocampus and the frontal cortex under the action of Аβ 25-35 may be an underlying cause of the typical memory breakdown associated with the Alzheimer's disease.
Introduction
Alzheimer's disease (AD) is a primary neurodegenerative disorder associated with progressive memory impairment and dementia. According to the amyloid cascade hypothesis, the aggregated form of the amyloid β-peptides (Aβ 42/43 ) initiate pathological processes in neurons of the hippocampus, the cortex, and several other structures of the brain [1, 2] . Oxidative stress and damage to mitochondrial DNA associated with aging can impair mitochondrial energy metabolism and ion homeostasis in neurons, thereby rendering them vulnerable to degeneration. Abnormal mitochondrial dynamics play a key role in causing the dysfunction of mitochondria that ultimately damages AD neurons [3, 4] .
The hippocampus and the neocortex are the main targets for Aβ aggregates [2] . Transgenic mice with mutant forms of human APP, PS1, and PS2 are models of the genetic (familial) form AD that have resulted in significant contributions to understanding the molecular mechanisms of the disease [1, 5, 6] .
The β-amyloid model consists of the administration of aggregated Аβ 42/43 or Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (neurotoxic fragment of Аβ 42/43 ) into the animal brain. This treatment causes cytological, biochemical, physiological and behavioral impairments, thereby allowing the study the Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] role in AD pathogenesis [7] [8] [9] [10] .
According to the current model, the correlation between various neural activities in various areas of the brain underlies cognitive activity [11, 12] . The cognitive disturbances associated with AD are thought be due to impaired neural synchrony between different regions of the brain [11] . The impairment of episodic memory, executive processing and interhemispheric transfer of information, the relative increase in the theta-and delta-band activity and the reduction in activity in the alpha-and beta-band were shown in the patients with AD [13, 14] . fMRI data revealed reduced coordination of neural activity in AD; the functional connectivity between the prefrontal cortex and the hippocampus was attenuated [15] . Mild Cognitive Impairment patients were characterized by a reduction in functional connectivity involving several distinct regions of the cortex [16] .
Neuropsychological impairments of cognitive processes in animals are not well understood [17] . Spatial working memory and long-term memory has been shown to be reduced both in transgenic mice and mice-injected by beta-amyloid [9, 18] . However, in other studies, observed impairments of spatial memory were minor or not observed at all [19] . We have recently reported that the impairments of spatial memory in rats injected by Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] can be clearly observed using the newly-developed cognitive test in the Morris watermaze [20] .
There are only a few studies of oscillation processes in the experimental models of AD [5, 21] . The APP/PS1 mice showed reduced cortical theta activity (5 Hz) and enhanced beta and gamma activity, but these changes were not age-dependent [5] . Sánchez-Alavez and coworkers have recently addressed the question whether a secreted form of APP (sAPP) modulates electrophysiological and cerebrovascular processes in vivo. They found that sAPP produces a significant increase in the electroencephalogram (EEG) power of the 0.5-4.0 Hz band and a reduction in the power of the 4.0-8.0 Hz band in the hippocampus and the cortex without affecting hippocampal blood flow [21] . In transgenic mice with increased expression of APP it was shown that plaques disrupt the synchrony of convergent inputs, reducing the ability of neurons to successfully integrate and propagate information [6] .
To date, the influence of Аβ central administration on EEG and spatial synchronization between different fields of the brain has not been studied. Links between spatial synchronization and cognitive functions have not been investigated in animal models of AD.
The aim of the present work was to investigate the influence of the aggregated amyloid Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] on the EEG spectrum of the dorsal hippocampus and the frontal cortex, determine the coefficient of correlation between the electrical activities of these structures, and characterize spatial memory in adult and aged rats. The data presented here show that a decrease in low-frequency theta band oscillations (6 Hz) and the weakening of binding between the dorsal hippocampus and the frontal cortex under the action of Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] may underlie the typical memory breakdown associated with the Alzheimer's disease.
Experimental Procedures

Animals
Sixteen adult (3 months) and seven aged (19 months) male Wistar rats were studied. Food and water were available ad libitum. The experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of the Laboratory Animals.
Surgery
Rats were anesthetized with urethane (800 mg/ kg, intraperitoneally) and ketamine (500 mg/kg, intramuscularly) and fixed on a stereotaxic instrument. One mm diameter holes were bored for the implantation of electrodes and cannulaes. According to the stereotaxic atlas [22] , electrodes were inserted into the dorsal hippocampus (field CA1; АР 3.8 mm; L 2 mm; Н 2.5 mm), the frontal cortex (AP 2 mm, L 2 mm, H 1 mm), and the indifferent electrodes inserted into the nasal bone to record the EEG. A 10 mm stainless steel needle was also implanted to the lateral ventricles (АР 0.8 mm; L 1.5 mm; Н 3 mm) as the cannulaes for the injection of drugs. Either Aβ 25−35 (Sigma) or 0.9% NaCl (15 µl/ventricle) was injected using a 25-µl Hamilton syringe. The injection site was confirmed by co-application of trypan blue.
Recording and analysis of EEG
The EEG in the dorsal hippocampus (СА1 field) and the frontal cortex was recorded between 0.5 and 100 Hz using a double-channel amplifier (Institute of Biological Instruments of the Russian Academy of Sciences). After one or two weeks, the EEG was recorded in a small box (15 x 20 x 20 cm) which had been placed in a shielded box (50 x 60 x 80 cm). After the unrestricted rats had adapted to the environment, EEG was recorded over a period of 70-80 min. The EEG was processed using a personal computer for off-line analysis using the software for correlation and spectral analysis, and standard Fourier transformation software. Three minute samples of EEG were divided into five-second segments. Using these segments, auto-and cross correlation functions were constructed and spectral characteristics were calculated. In order to estimate significant correlation between electrical activity of the dorsal hippocampus and the frontal cortex, coefficients of cross-correlation of successive five-second segments were counted.
Animal model of Aβ 25-35 -induced neurotoxicity
The aggregated Aβ 25-35 peptide (22.5 nmol/ventricle in 15 µl) was injected into the lateral ventricles of the brain (i.c.v.) of rats. The stock solution of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (1 mg/ml) was prepared in sterile water. The solution was incubated at 37°C for one day before use. Control animals received a 0.9% NaCl injection (15 µl/ventricle). Aggregation was controlled by spectrophotometric and electron microscopic methods.
Behavioral learning
Spatial memory in adult rats was studied using a newlydeveloped probabilistic cognitive test in the Morris watermaze [20] . Briefly, in our test, rats were trained in a watermaze (140 cm in diameter) which was divided into eight virtual sectors and four virtual circles А, B, C, D ( Figure 3A ). Animals were trained to memorize the localization of the hidden platform (10 cm in diameter) randomly placed in one of eight sectors of the specified virtual circle. In the new test, rats scan the watermaze and remembered the specific circle in which the target position was changed randomly. Spatial memory was tested one month after Аβ 25-35 injection. The rats were trained during five days, five trials per day, at a 48-h interval between sessions. Aged animals could not perform the task in our new cognitive task. Therefore, they were tested using the Morris watermaze procedure with fixed position of the hidden platform [23] .
Procedures
One week after surgery saline was i.c.v. injected into the animal; one week later the EEG was recorded (control). Afterwards Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was i.c.v. administrated to the same rats and 1, 2 and 4 weeks later the corresponding EEGs were recorded ( Figure 1A) . Two series of experiments were performed. Adult rats (6 experimental, 10 control) were studied in the first series and aged rats (3 experimental, 4 control) in the second series.
Electrode placement
After the last recording, rats were deeply anesthetized and decapitated. The brains were removed from the skull. Coronal sections (35 mm) were cut from the fixed hemisphere using a freezing, sliding microtome. To mark the electrode tip location with iron deposits, the anodal current of 20 mA (2 s) was passed through the electrodes before the decapitation.
Statistical analysis
Statistical analysis was performed using the t-test for EEG data and the general linear model with repeated measures for behavioral data (Statistica 6). 
Results
Influence of Аβ 25-35 on EEG spectrum of adult rats
Spectral analysis of the EEG recorded from the dorsal hippocampus (CA1 field) and the frontal cortex in the behaving rats was performed. A broad peak in the theta range with a maximum around 6 Hz dominated the control rat's hippocampal and cortical EEG. An additional, smaller peak was detected around 3 Hz. The power of peaks with a maximum around 6 Hz was the same in both the hippocampus and the frontal cortex. The peak around 3 Hz has a higher power in the frontal cortex. Аβ caused a decrease in the frequency of oscillations in the range of the low-frequency theta band and an increase in the frequency of oscillations in the range of the delta band (3 Hz) in both the dorsal hippocampus and the frontal cortex ( Figure 1B , C). These changes in the EEG patterns were observed both one week and one month after the application of Аβ.
Effects of Аβ 25-35 on correlation characteristics of EEG of the dorsal hippocampus and the frontal cortex
Correlation coefficients of the EEG between the dorsal hippocampus and the frontal cortex in adult and aged rats were analyzed. We found that these coefficients were decreased significantly upon the Аβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] injection both in adult rats and in aged rats, compared to control. The mean coefficient of correlation between the structures in adult rats is shown in Figure 2A . The coefficient of correlation significantly decreased (40%) one week after an i.c.v. Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] injection and remained reduced over a period of one month (P<0.05). Figure 2B shows a reduction in the coefficient of correlation after i.c.v. injection of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] in aged rats. In aged rat 1, a significant decrease of the correlation coefficient after Aβ administration was observed. One month after the Aβ 25 -35 injection, the coefficient gradually decreased by 45% (P<0.05). In the other two aged rats, a strong decrease in the correlation coefficient (70%) was observed already one week after the Aβ 25 -35 injection (P<0.05). This result suggests a decreased synchronization between oscillation processes in the hippocampus and the cortex. Together, these data indicate that the functional connectivity between the dorsal hippocampus and the frontal cortex was disturbed in aged and adult rats at early stages of the Aβ 25-35 action. Aged rats had more pronounced impairments.
Impairment of cognitive behavior
In a new probabilistic cognitive test, the mean value and standard error of latency for both control and experimental groups of adult animals are shown in Figure 3C . During the training sessions a typical learning curve was observed: the mean latency in control rats decreased from session to session which served as an index of spatial memory consolidation.
In control rats, the mean latency decreased from 67 s in the first session to 17 s in the fifth session (P<0.05). An example of the navigational strategy for a control rat is shown in Figure 3A . In the first trial, the innate behavior predominated; the rat swam along the pool wall, and the searching behavior was poorly expressed. However, in the third trial of the same session, the rat completely changed its strategy. The searching behavior was regularly observed from the third to twenty-fifth trial, and the rat quickly performed the cognitive task. By the end of the learning, the latency decreased to 10 s. The data showed that rats scanned the space in the watermaze and apparently learned to search for the platform at a particular distance from the wall.
One month after the Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] injection, adult animals tended to learn, though the learning rate was reduced compared with control ( Figure 3C ). Statistical analysis revealed a significant difference between the control and the experimental groups in the third and fifth sessions (P<0.05). The discrepancy of latency in the fifth session is especially significant. The examples of the learning impairment after the Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] injection are shown in Figure 3B . In the first and second sessions, the rat swam predominantly along the pool wall, and the searching behavior was poorly expressed. In the thirdto the fifth sessions, the chaotic strategy predominated, and latencies did not decrease as significantly as it did in the control rats.
In aged rats, strong cognitive impairments were observed in the Morris watermaze test. Examples of navigation leaning impairment in aged rats are shown in Figure 4 . In some trials of the second to the fourth sessions, the control rats exhibited the chaotic behavior. Only in the fifth session was the rat able to quickly find the hidden platform ( Figure 4A ). After the injection of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] in the first session, the rat typically could not find the hidden platform and showed the innate behavior. This behavior was also observed in the fourth session. In many trials, the behavior was chaotic. Only in a few trials did the rat change the searching behavior and find the hidden platform ( Figure 4B ).
Discussion
Hippocampal theta oscillations are highly correlated with cognitive functions such as attention, memory and learning [24] [25] [26] .
According to our data, the injection of Aβ 25-35 induced a decrease in the frequency of oscillations in the lowfrequency oscillations of theta bands (5-7 Hz). Our results are in agreement with the findings obtained using transgenic mice [5] . Unlike the transgenic model, in a case of beta-amyloid injection we did not observe the increase of oscillation power in the beta-band.
The decrease in background activity in the theta band is an indicator of alterations in the functional state of the hippocampus. These changes correlate with impairment of the processing of new information, declarative memory and distinction of spatial signals [27] .
Patients with AD typically show impaired synchrony and reduced coherence of oscillations in the α-and β-frequency bands both for distant and nearby recording sites [11, 13, 14] . Stern and coworkers evaluated the effect of amyloid plaques on neocortical synaptic transmission in single neurons in vivo [6] . It was shown experimentally that the major effect of amyloid β-plaques is on the cortical network as a whole. The cause of the increased response variability is the reduced synchrony of converging synaptic input signals, which is at least partially caused by the physical distortion of the axonal and dendritic processes by insoluble protein aggregates [6] . 
